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Abstract: Industrial wastewater containing heavy metals that enters municipal 15 
wastewater treatment plants inevitably has a toxic impact on biological treatment 16 
processes. In this study, the impact of Cu(II) (0, 1.5, 2, 2.5, 3 mg/L) on the 17 
performance of denitrifying phosphorus removal (DPR) and microbial community 18 
structures was investigated. Particularly, the dynamic change in the amount and 19 
composition of extracellular polymeric substances (EPS), and the role of EPS in P 20 
removal, were assessed using three-dimensional excitation-emission matrix 21 
fluorescence spectroscopy combined with parallel factor (PARAFAC) analysis. The 22 
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results showed that, after long-term adjustment, the P removal efficiency was 23 
maintained at 95 ± 2.7% at Cu(II) addition up to 2.5 mg/L, but deteriorated when the 24 
Cu(II) addition was 3 mg/L. The EPS content, including proteins and humic 25 
substances, increased with increasing Cu(II) additions at concentrations ≤ 2.5 mg/L. 26 
This property of EPS was beneficial for protecting phosphate-accumulating organisms 27 
(PAOs) against heavy metals, as both proteins and humic substances are strong 28 
ligands for Cu(II). Therefore, the PAOs abundance was still relatively high (67 ± 3%) 29 
when Cu(II) accumulation in sludge was up to 10 mg/g SS. PARAFAC confirmed 30 
that aromatic proteins could be transformed into a soluble microbial byproduct-like 31 
material when microorganisms were subjected to Cu(II) stress, owing to their strong 32 
metal ion complexing capacity. The increase in the percentage of humic-like 33 
substances enhanced the detoxification function of the sludge EPS. EPS accounted for 34 
approximately 26 – 47% of P removed by adsorption when Cu(II) additions were 35 
between 0 and 2.5 mg/L. The EPS function, including binding toxic heavy metals and 36 
P storage, enhanced the operating stability of DPR systems. This study provides us 37 
with a better understanding of (1) the tolerance of DPR sludge to copper toxicity and 38 
(2) the function of sludge EPS in the presence of heavy metals in biological P removal 39 
systems. 40 
 41 
Keywords: denitrifying phosphorus removal; Cu(II); extracellular polymeric 42 
substances; excitation-emission matrix fluorescence spectroscopy; P-accumulating 43 
organisms 44 
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1. Introduction 45 
Excessively high concentrations of heavy metals are toxic to most organisms. The 46 
rapid development of industry means that large quantities of industrial wastewater 47 
containing heavy metals, such as copper, zinc, lead, mercury and chromium, are 48 
discharged into municipal wastewater treatment plants (WWTPs) (Aksu, 2005). These 49 
discharges inevitably cause deterioration in the performance of biological wastewater 50 
treatment systems. 51 
Enhanced biological phosphorus (P) removal (EBPR) processes are widely used to 52 
remove P from wastewater in WWTPs (Albertsen et al., 2012). In these processes, 53 
phosphate-accumulating organisms (PAOs) are responsible for luxury P assimilation. 54 
In particular, denitrifying P removal (DPR) technology has been the focus of 55 
increasing attention because of its many advantages, including the effective use of 56 
organic carbon substrates, low oxygen requirements and low sludge production (Zhou 57 
et al., 2012). Denitrifying polyphosphate-accumulating organisms (DPAOs) are 58 
enriched during DPR processes under alternating anaerobic and anoxic conditions, 59 
and can use nitrate or nitrite as electron acceptors to achieve P uptake and nitrogen (N) 60 
removal simultaneously (Zhou et al., 2012). The effects of heavy metals on biological 61 
P removal (BPR) in EBPR processes have been intensively studied. To date, however, 62 
the main aim of these studies has been to establish thresholds at which different heavy 63 
metals inhibit the performance of PAOs sludge (Table 1). Among various metals, 64 
copper is commonly found in wastewater (Li et al., 2011). Studies have shown that 65 
the minimum concentrations at which copper inhibits microorganism activity range 66 
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from 2 to 10 mg/L (Oviedo et al., 2002). In a previous study, we investigated the 67 
effect of Cu(II) pulses on the behavior of PAOs in a continuous anaerobic/oxic EBPR 68 
process (Wang et al., 2011b). The P removal efficiency was found not to be adversely 69 
affected by a 2 mg/L pulse of Cu(II); however, it completely failed when the Cu(II) 70 
pulse concentration was 4 mg/L. Although the mechanism for each toxic metal is 71 
different, they often inhibit enzymes in the cells, or react directly with DNA to kill 72 
microorganisms. The copper concentration is up to 2–5 mg/L in a few WWTPs in 73 
China, due to the presence of copper concentrated industrial wastewater that 74 
continuously flows into municipal WWTPs; this poses a big challenge for the 75 
biological P removal in WWTPs. Ourcurrent understanding of heavy-metal-induced 76 
effects on BPR is largely from studies of the short-term impact of heavy metals (Table 77 
1), and little information is available on the response of PAOs sludge to long-term 78 
stress from heavy metals. 79 
Adsorption of heavy metals by bacterial extracellular polymeric substances (EPS) 80 
in activated sludge has been documented in previous studies (Li et al., 2011; Sheng et 81 
al., 2013). EPS generally contains compounds (mainly polysaccharide, protein, humic 82 
substances, and DNA) with high molecular weights from charged functional groups 83 
that possess both adsorptive and adhesive properties. Owing to the presence of 84 
charged moieties, EPS ideally serve as a natural ligand source, providing binding sites 85 
for other charged particles or molecules including metals (Decho, 1990). This means 86 
that heavy metal ions could be adsorbed by EPS before they enter cells, and so EPS 87 
may reduce the potential heavy metal toxicity to functional bacteria in activated 88 
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sludge. EPS also act as a transient P storage pool in BPR systems (Zhang et al., 2013; 89 
Wang et al., 2013) because of PO43− (charged ion) adsorption to the positively charged 90 
minerals (such as Fe and Al oxides) in EPS (Yilmaz et al., 2008). Therefore, EPS may 91 
play a crucial role in P removal in heavy-metal-enriched EBPR systems. However, 92 
there is limited information documenting either variations in EPS (amount and 93 
composition) in PAOs sludge or the function of EPS when subjected to long-term 94 
stress from heavy metals (Table 1). We therefore need more information to close the 95 
gap in current knowledge between the role of EPS in metal ion or P sorption and the 96 
performance of P removal bioreactors. 97 
In order to develop DPR processes that are more stable, we need to adequately 98 
evaluate the long-term effect of heavy metals. The aim of this study was, therefore, to 99 
identify the long-term impact of Cu(II) on variations in EPS and the potential toxicity 100 
tolerance of DPAOs over a prolonged adjustment period. We also attempted to 101 
determine how Cu(II) influences P removal in DPR systems from the perspective of 102 
the functional microorganism population and variations in the contribution of EPS, 103 
depending on their content and composition. We used fluorescence 104 
excitation-emission matrix spectroscopy (EEM), which is a simple, sensitive and 105 
nondestructive technique, combined with parallel factor analysis (PARAFAC) to 106 
characterize the binding properties of heavy metals and the major organic compound 107 
transformations of EPS at different Cu(II) concentrations. 108 
 109 
2. Materials and methods 110 
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2.1. Setup and operation of the parent sequencing batch reactor 111 
A sealed laboratory-scale sequencing batch reactor (SBR) with a working volume of 112 
7.5 L and an overhead space of 1 L was run as the parent reactor under alternating 113 
anaerobic-anoxic-aerobic conditions. The SBR was fed with synthetic wastewater (see 114 
section 2.3) at an operating temperature of 20 ± 1 °C to allow the acclimation of 115 
DPAOs biomass (Wang et al., 2011a). The SBR was run for three 8-h cycles per day, 116 
each consisting of a 15-min filling period, a 120-min anaerobic period, a 210-min 117 
anoxic period, a 30-min aerobic period, a 60-min sludge settling period, a 15-min 118 
effluent decanting period and a 30-min idle phase. During the first 15 min feeding 119 
period, 5.5 L of synthetic wastewater was pumped into the reactor. Nitrogen gas was 120 
introduced for 5 min to ensure conditions were anaerobic at the beginning of the 121 
anaerobic period. KNO3 solution was pulse-added into the reactor at the beginning of 122 
the anoxic period, giving an initial NO3− concentration of 20 ± 2 mg N/L. The 123 
dissolved oxygen (DO) concentration was automatically controlled at 2 – 4 mg/L in 124 
the post aerobic phase. The rotation (mechanical mixers) speed was controlled at 150 125 
± 10 rpm during the reaction phase. The sludge retention time (SRT) of the reactor 126 
was approximately 18 – 20 d (considering the solids loses in the effluent), with 125 127 
mL of mixed liquor being removed at the end of each aerobic period. Mixed liquor 128 
suspended solid (MLSS) and mixed liquor volatile suspended solid (MLVSS) 129 
concentrations were maintained at 4000 ± 200 and 2300 ± 200 mg/L, respectively. 130 
The hydraulic retention time of the SBR was approximately 10.9 h. The parent SBR 131 
was run for 100 d. 132 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
 
7 
 
 133 
2.2. Long-term effect of increasing Cu(II) concentrations  134 
A 2.5 L sealed SBR with a working volume of 2.4 L and an overhead space of 0.1 L 135 
was used for the Cu(II) toxicity experiments. The seeding sludge was withdrawn from 136 
the parent SBR at the end of the decanting phase. 1.7 L synthetic wastewater (same as 137 
described in section 2.3 except for the copper ion concentration) was added to the 138 
batch reactor, maintaining the MLSS level at 4000 ± 200 mg/L. The SB  was fed 139 
with copper sulfate solution to obtain the desired copper ion concentration as 140 
presented in Table 2. The desired Cu(II) concentration was in the similar level as the 141 
People's Republic of China integrated wastewater discharge standard (GB8978-2002). 142 
The maximum concentration of total copper should not exceed 0.5, 1.0 and 2 mg/L, 143 
respectively, for the primary, secondary and tertiary national standard of the People's 144 
Republic of China integrated wastewater discharge standard (GB8978-2002). The 145 
operating procedure of this SBR was identical to that of the parent SBR, except that 146 
40 mL of mixed liquor was removed at the end of the aerobic period to maintain a 147 
SRT of 18 – 20 d. 148 
Liquid samples were collected at the end of each cycle every 4 d and were 149 
analyzed for phosphate-P (PO43−–P), nitrate (NO3−–N) and nitrite (NO2−–N). Sludge 150 
samples for MLSS and MLVSS analysis were collected at the end of the aerobic 151 
phase. Cycle tests were carried out for the SBR every 30 d. In typical cycle test, the 152 
pH value was manually controlled at 7.5 ± 0.1 by adding 0.3 M HCl and 0.3 M NaOH; 153 
liquid samples were collected every 30 min and analyzed for PO43−–P, NH4+–N, 154 
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NO3−–N and NO2−–N concentrations. The anaerobic biochemical transformations 155 
were also monitored in cycle studies; samples were collected and analyzed for volatile 156 
fatty acids (VFAs) (propionate), polyhydroxyalkanoate (PHA, including 157 
poly-β-hydroxybutyrate, poly-β-hydroxyvalerate (PHV), 158 
poly-3-hydroxy-2-methylvalerate (PH2MV)) and glycogen every 30 min during each 159 
cycle. Sludge samples were also collected at the end of the post-aerobic period for 160 
EPS, scanning electron microscopy (SEM) and fluorescence in situ hybridization 161 
(FISH) analyses. 162 
 163 
2.3. Synthetic wastewater 164 
The synthetic wastewater used in this study contained (per liter) 257.1 mg 165 
CH3CH2COONa (300 mg chemical oxygen demand (COD)); 43.9 mg of KH2PO4 166 
(10.0 mg of P); 73.7 mg of K2HPO4.3H2O (10.0 mg of P); 38.2 mg NH4Cl (10 mg of 167 
N); 85.0 mg MgSO4.7H2O, and 10.0 mg CaCl2. Trace salt solution (0.3 mL/L), as 168 
described by Wang et al. (2011a), and allylthiourea were added to the SBR reactor to 169 
prevent nitrification (Oehmen et al., 2006). The pH of the synthetic wastewater was 170 
maintained at 7.5 ± 0.1 by adding NaHCO3. 171 
 172 
2.4. Analytical methods 173 
Samples were analyzed for NH4+–N, NO3−–N, NO2−–N, PO43−–P, MLSS and MLVSS 174 
according to the standard methods (APHA, 1998). The EPS of the sludge was 175 
extracted (details see following paragraph in the same section) and the soluble 176 
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orthophosphate-P concentration in EPS (SOPEPS) were determined using the same 177 
PO43−–P analysis method in the bulk liquid (APHA, 1998). DO, pH and temperature 178 
were measured using oxygen and pH meters (oxi 3310 and pH 3310, WTW Inc., 179 
Munich, Germany). Methods for glycogen, PHA and VFAs measurement are 180 
described in Wang et al. (2011a). 181 
The intracellular Cu concentrations and Cu concentrations in EPS were measured 182 
by inductively coupled plasma atomic emission spectrometry (Agilent Technologies, 183 
Santa Clara, CA). Briefly, freeze-dried samples of biomass were weighed and put into 184 
Teflon crucibles (the intracellular Cu) or the EPS solution were measured a certain 185 
volume (Cu in EPS) and then were digested for 5 h at 150 °C by HF and HClO4 186 
(volume ratio was 5). After digestion and cooling, the clear samples (no visible 187 
residues) were diluted to 50 mL with deionized water. Finally, the liquid samples 188 
were filtered through Millipore filter units (0.45 µm pore size) for copper ion analysis. 189 
EPS was extracted by the modified heat extraction method described by Li et al. 190 
(2007). The total EPS content was defined as the sum of polysaccharides, proteins and 191 
humic substances. The proteins and humic substances in EPS were measured using 192 
the modified Lowry method (Li et al., 2007). All tests were performed in triplicate 193 
and the results were expressed as mean values ± standard error. FISH and SEM 194 
analyses were conducted using the methods described in Wang et al. (2013). 195 
 196 
2.5. EEM fluorescence spectroscopy and PARAFAC analysis 197 
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EEM fluorescence spectra were obtained using a fluorescence spectrophotometer with 198 
a Xenon lamp light source (F-4500, Hitachi, Japan). The excitation wavelength was 199 
set as (Ex) 200 – 400 nm, and the emission wavelength (Em) was 250 – 500 nm. 200 
Because the EPS compositions are complex, there can be significant overlap of their 201 
fluorescence spectra. To solve this problem, PARAFAC analysis was used to separate 202 
the actual fluorescence spectra from the EEM fluorescence spectra (Hall et al., 2005). 203 
Before analysis, the spectrum of double distilled water was recorded as the blank, and 204 
was subtracted from the EEM spectra of the samples. The EEM data close to the 205 
Rayleigh scattering line were set to zero to eliminate the interference of Rayleigh 206 
scattering (Rinnan et al., 2005). The EEM data were analyzed with MatLab 2011b 207 
software with the DOMFluor toolbox (www.models.life.ku.dk). 208 
 209 
2.6. Statistical analysis 210 
SPSS 20.0 for Windows (SPSS Inc., USA) was used for statistical analyses. Pearson 211 
correlation analysis was performed to determine the relationships between the copper 212 
ion concentrations, EPS content and the components of EPS. The significance levels 213 
used were p < 0.05 (*) and p < 0.01 (**). 214 
 215 
3. Results and Discussion 216 
3.1. Cycle studies of the parent SBR 217 
The cycle of the parent SBR demonstrated a typical DPAOs phenotype (Fig. 1a and b). 218 
The P removal efficiency reached 95%, indicating a higher abundance of enriched 219 
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DPAOs. The ratio of phosphate uptake to nitrate consumption was 3.66 g P/g NO3−–N 220 
(Fig. 1 and Table S1), which was greater than the theoretical ratio of 2.10 g P/g 221 
NO3−–N recommended by Kuba et al. (1993), based on findings from DPAOs 222 
metabolism modeling. This is mainly related to P adsorption on EPS in the anoxic 223 
phase. 224 
Fig. 1c shows the variation in the soluble orthophosphate-P contents in EPS 225 
(SOPEPS) during a typical cycle. SOPEPS decreased over time in the anaerobic phase, 226 
and increased in the subsequent anoxic and aerobic phases. This means that phosphate 227 
in the EPS was desorbed and released into solution in the anaerobic phase, and, during 228 
the later anoxic and aerobic phases, the phosphate in the bulk was adsorbed by the 229 
EPS matrix. Specifically, during the anoxic phase, the SOPEPS increased from 32.0 ± 230 
0.8 to 36.1 ± 0.4 mg P/g SS (p < 0.05) (Fig. 1c), accounting for approximately 27 % 231 
of the total removed P. Similar dynamic changes in SOPEPS in a cycle had been 232 
observed in our pervious study (Wang et al., 2013), and we explained this change 233 
linked to the P biochemical transformation among the complex P (intracellular P), 234 
interstitial P (P contents in EPS) and ortho-P in bulk. Likewise, Zhang et al. (2013) 235 
examined EBPR sludge and found that SOPEPS increased from 5.9 ± 0.8 to 6.4 ± 1.0 236 
mg P/g SS (p < 0.05) during an entire cycle. The biosorption of P by exopolymers has 237 
also been documented by Cloete et al. (2001), who reported that EPS acted as a P 238 
reservoir and contained 27 – 30% of the stored P. Similarly, Manas et al. (2011) 239 
quantified P minerals inside aerobic granules and found that biologically induced 240 
precipitation was responsible for 45% of the overall P removal in their aerobic 241 
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granulation SBR. These findings strongly suggest that EPS adsorption of phosphate 242 
plays a crucial role in the variation of the P content in BPR systems. 243 
 244 
3.2. Impacts of increasing Cu(II) additions on the denitrifying P removal SBR 245 
3.2.1. Long-term denitrifying P removal performance  246 
The denitrifying P removal SBRs were exposed to Cu(II) dosages of 0, 1.5, 2, 2.5 and 247 
3 mg/L in five different operating stages, defined as stages I, II, III, IV and V, 248 
respectively (Table 2). The P removal efficiency was not inhibited when exposed to 249 
1.5 mg/L Cu(II) when compared with the control (stage I) (Fig. 2a); however, the 250 
increased Cu(II) additions in stages III, IV and V caused sharp decreases of 78%, 65% 251 
and 58%, respectively, in P removal efficiency at the beginning of each stage 252 
compared with the removal observed in previous cycles. The P removal performance 253 
gradually recovered in stages II, III and IV after an adjustment period (Table 2). 254 
However, in stage V, when the Cu(II) addition reached 3 mg/L, the P removal 255 
fluctuated and remained at approximately 79% of that observed in the control stage 256 
(Table 2 and Fig. 2a), indicating that P removal could not recover when Cu(II) 257 
additions were 3 mg/L. 258 
The amount of P released anaerobically increased significantly at the beginning 259 
of stages III, IV and V (Fig. 2a); compared with previous cycles that had lower Cu(II) 260 
additions, increases of 13%, 27%, and 31%, respectively, were observed. There is no 261 
consensus as to how P release varies when the EBPR sludge is exposed to Cu(II) 262 
under anaerobic conditions. Wu and Michael (2010) reported that P release was 263 
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inhibited by about 55% when the Cu(II) concentration was 1 mg /L (Table 1). In 264 
contrast, Chiesa et al. (1987) reported that the amount of P released increased slightly 265 
as copper concentrations increased. In the present study, anaerobically-released P 266 
initially increased in response to the sudden increase in the additions of Cu(II), and 267 
may reflect the higher maintenance requirements under high copper concentrations. 268 
The possible mechanism for this may be connected to detoxification of heavy metals 269 
and excretion of metal-phosphate complexes from cells (Remonsellez et al., 2006). 270 
Poly-P hydrolysis has been observed among both prokaryotes and eukaryotes under 271 
heavy metal stress (Nishikawa et al., 2003). The decoupling of P release and PHA 272 
synthesis confirmed that the increased P release may be a spontaneous response of 273 
PAOs to stress caused by the higher Cu(II) concentrations (Fig. 3a). 274 
 275 
3.2.2. Variations in DPAOs activity 276 
In contrast to the increased P release rates, the PHA synthesis rate in each stable stage 277 
gradually decreased as Cu(II) additions increased (Table 3). When compared with 278 
stage I, the PHA synthesis rates were 21%, 12%, 30% and 37% lower in stages II, III, 279 
IV and IV, respectively. This may have been due to the inhibitory effect of Cu(II) on 280 
DPAOs, even though the sludge had adapted to each Cu(II) level over the long term. 281 
Tsai and Chen (2011) reported that P release and PHA synthesis rates decreased 282 
sharply when the concentration of the Cu(II) pulse was 1 mg/L. 283 
It seems that the impact of Cu(II) on the anoxic metabolism of the PAOs sludge 284 
was less than that in the anaerobic phase. When the Cu(II) addition increased from 1.5 285 
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to 2.5 mg/L, the anoxic P uptake rates remained relatively constant (Table 3), and the 286 
PHA consumption only decreased slightly. Notably, both the PHA consumption rates 287 
and the nitrate reduction rates were lower at the beginning of each stage than those 288 
later in the same stage after stabilization (Table 3), illustrating that PAOs inhibition 289 
caused by Cu(II) toxicity was alleviated after the sludge had adjusted to Cu(II) over 290 
the long term. Nevertheless, PHA consumption rates and P uptake and nitrate 291 
reduction rates were seriously inhibited in stage V when the Cu(II) concentration was 292 
3 mg/L, which agreed with the low P removal efficiency observed in stage V (Fig. 2a 293 
and Table 2). PAOs activity was therefore inhibited when the Cu(II) addition was 3 294 
mg/L. 295 
 296 
3.2.3. Impact of Cu(II) on the anaerobic metabolism of intracellular polymers of 297 
DPAOs 298 
Dynamic variations in anaerobic PHA and glycogen transformations were monitored 299 
throughout the experiment (Fig. 3a). When 1.5 mg/L of Cu(II) was added in stage II, 300 
PHA production decreased and glycogen hydrolysis increased relative to the rates 301 
observed in stage I (Fig. 3a). Also, the proportion of PHV produced increased relative 302 
to the PH2MV produced, and the ratio of PHV/PHA increased from 42% in stage I to 303 
49% (stable state) in stage II (Fig. 3a)The anaerobic glycogen hydrolysis per 304 
C-mmol VFA uptake increased from 0.17 mmol C (stable state) in stage I to 0.47 305 
mmol C (stable state) in stage II (p < 0.05). This was mainly because the increasing 306 
percentage of glycogen accumulating organism (GAOs) in stage II (Fig. 3b and Table 307 
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2) produced a higher proportion of PHV than PAOs (Fig. 3a) when the reactors were 308 
fed with propionate as the sole carbon source (Oehmen et al., 2006). It is also likely 309 
that extra glycogen was broken down by both PAOs/DPAOs and GAOs/ denitrifying 310 
glycogen-accumulating organisms (DGAOs) to supply maintenance energy needed to 311 
ease heavy metal stress. 312 
The glycogen hydrolysis per C-mmol VFA uptake decreased from 0.47 mmol C 313 
to 0.15 mmol C from stage II to III, and the proportion of the PHV produced was 314 
slightly lower than the PH2MV produced in stage III (Fig. 3a). There was very little 315 
variation in the anaerobic PHA synthesis and glycogen hydrolysis per C-mmol VFA 316 
uptake between stages III and V (Fig. 3a), indicating that PAOs and DPAOs had 317 
gradually adapted to Cu(II) stress. This is in line with the increased percentage of 318 
PAOs and the decreased percentage of GAOs (for details see section 3.2.4). Also, the 319 
amount of PHA synthesis and the P removal efficiency were both lowest in stage V, 320 
indicating that the relatively high Cu(II) concentrations had caused seriously 321 
inhibitory effects on PAOs, regardless of long-term adjustment.  322 
 323 
3.2.4 Variation in the microbial population in response to increasing Cu(II) additions 324 
As shown in Table 4, Accumulibacter-PAOs (66 ± 2%) were more abundant than 325 
Defluvicoccus-GAOs (28 ± 1%) in stage I, corresponding with the efficient P removal 326 
(94%) observed in that stage. When 1.5 mg/L of Cu(II) was added in stage II, the 327 
composition of the microbial population changed (Fig. 3b and Table 4); the 328 
percentage of Accumulibacter-PAOs decreased slightly to 61 ± 2 % and the 329 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
 
16 
 
Defluvicoccus-GAO population increased to 35 ± 1%, which is consistent with the 330 
reduced PHA production and increased glycogen consumption in the anaerobic phase 331 
(Fig. 3a). The increased glycolysis could be used for maintenance energy to combat 332 
the presence of the toxic compound (Saunders et al., 2007). This also indicates that 333 
GAOs are more resistant to Cu(II) toxicity than PAOs in a short term. Similar 334 
findings were reported by Fang et al. (2012), who found that PAOs were more 335 
sensitive to Cr (VI) than GAOs in a 24 h (4 cycles) Cr (VI) toxicity exposure test 336 
using PAOs sludge (Table 4). 337 
When Cu(II) additions increased from 1.5 (stage II) to 3 mg/L (stage V), the 338 
PAOs percentage increased from 61 ± 2% to 67 ± 3%, and the GAO percentage 339 
decreased from 35 ± 1% to 25 ± 1% (Fig. 3b). PAOs and GAOs were both inhibited 340 
by increasing Cu(II) additions, but PAOs may have had a greater heavy metal 341 
resistance capacity after long-term adjustment (approximately 2 SRTs). Therefore, 342 
PAOs became the dominant organisms in the Cu-enriched systems (Table 4). It 343 
should be noted that because the microbial community was analyzed after a stable 344 
state was achieved for each increased Cu(II) addition, the absolute value of the PAO 345 
and GAO percentage did not greatly change. This confirmed that both PAOs and 346 
GAOs can resist the Cu(II) toxicity in the range of 0–?3 mg Cu(II)/L when the 347 
adaptation time is assured. 348 
In summary, during stages I – II, the initial additions of Cu(II) resulted in greater 349 
inhibition of PAOs than GAOs. During stages III – V (Cu(II) additions ≤3 mg/L), the 350 
PAOs tolerance increased after long-term adaptation. The SEM shows that the 351 
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structure of the DPR sludge was more compact in stages IV and V than in stage I (Fig. 352 
4a, d and e) (Supporting Information (SI), Text S1); this compact sludge property in 353 
stages IV and V may have imposed greater constraints on copper ion diffusion to 354 
biomass, thereby reducing the amount of poison diffused from Cu(II) to microbial 355 
cells. The precise mechanism for this, however, requires further research. We also 356 
found that PHA and nitrate reduction rates (i.e., microbial activities) reduced slightly 357 
with Cu additions (Table 3), and there was only a slight decrease in the P removal 358 
performance (Table 2). Only after 3 mg/L of Cu(II) was added, a significant decrease 359 
in P removal occurred (Table 2), which confirms that P removal was seriously 360 
inhibited. The increased Cu(II) tolerance for the DPAOs sludge may be related to the 361 
EPS function.  362 
 363 
3.3. Cu(II) impacts on variations in EPS content and composition  364 
3.3.1. Variations in the content of EPS and their role in P removal 365 
We examined variations in EPS at different Cu(II) dosages because of their important 366 
role in P storage (for details see section 3.1). Fig. 5a shows that, compared with 367 
earlier cycles (indicated by red cycles), the EPS content increased significantly at the 368 
beginning of stages II, III, IV, and V, reaching values of 127 – 142, 141 – 159, 133 – 369 
138, and 144 – 159 mg/g VSS, respectively. These increases may have been due to an 370 
increase in the EPS production rate and/or a reduction in the EPS degradation rate 371 
(Aquino and Stuckey, 2004) in response to a sudden increase in Cu(II) additions. 372 
Microbes may respond by producing EPS to alleviate the impacts caused by sudden 373 
exposure to Cu, as EPS are capable of forming a shield to protect cells from the 374 
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adverse influence of the external environment; i.e., under increased Cu(II) 375 
concentrations, microorganisms can excrete more EPS to chelate with Cu(II). Mu et al. 376 
(2012) reported that negatively charged residues in EPS had the capacity to bind Zn(II) 377 
and that the chelating properties of EPS could result in reduced Zn(II) toxicity to 378 
interior microorganisms. Binding heavy metals to sludge EPS would reduce their 379 
toxicity and would be beneficial for the stable operation of bioreactors (Sheng et al., 380 
2013).  381 
Comparison of the variation in EPS contents through the different stable stages 382 
showed that the EPS content remained at a relatively constant level while the Cu(II) 383 
concentrations increased from stages II to IV (Fig. 5). This means that the PAOs 384 
sludge was capable of withstanding Cu toxicity when Cu(II) additions ranged from 385 
1.5 – 2.5 mg/L, and that the added Cu(II) did not disturb the EPS production or 386 
structure. However, once Cu(II) additions reached 3 mg/L in stage V, the EPS content 387 
decreased sharply from 140 (day 158) to 97 mg/g VSS (day 175), primarily owing to 388 
the higher accumulation of copper ions (i.e., over 10 mg Cu(II)/g SS, Table 3) in the 389 
DPR sludge in the long-term adjustment process. That is, the higher Cu(II) toxicity 390 
inhibited the bacterial metabolism activity and reduced the production of EPS 391 
thereafter (Sheng et al., 2005). Alternatively, it is possibly because microorganisms in 392 
the sludge had utilized the biodegradable components in EPS to sustain vital 393 
metabolic processes (Li et al., 2011). 394 
The above observations indicate that, when Cu(II) additions were between 1.5 395 
and 2.5 mg/L, there was an increase in the amount EPS produced by PAOs. Also, the 396 
role of EPS in P storage was increasingly important in the presence of copper ion. For 397 
example, the SOPEPS removal accounted for 46% of the total P removed when the 398 
corresponding EPS content was 137 mg/g VSS in stage II (Table 2). In contrast, the 399 
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lowest SOPEPS removal (18%) occurred in stage V (3 mg/L Cu(II) addition), when the 400 
EPS content was 124 mg/g VSS. To some extent, the P storage by EPS compensated 401 
for the decreased P removal efficiency, and was particularly important when the PAOs 402 
abundance decreased owing to the toxic effects of the Cu(II) additions, e.g., when 1.5 403 
mg/L Cu(II) was added in stage II (Table 4).  404 
 405 
3.3.2. Variation in the composition of EPS 406 
Generally, polysaccharides and proteins are found to be the major components of EPS. 407 
In the present study, EPS were mainly proteins, and the protein content was much 408 
higher than the polysaccharide content (data from Stage I, Fig. 5a). Protein production 409 
increased in the presence of Cu(II) (Fig. 5a), which is consistent with the variation in 410 
the EPS contents. EPS and proteins were significantly positively correlated (R = 411 
0.997, p < 0.01) (Table 5), which implies that protein production is significantly 412 
enhanced under shock toxic conditions, e.g., in the presence of Cu(II). Thus, for DPR 413 
systems, proteins in EPS play a major role in protecting cells from any harm caused 414 
by diffusion limitations and/or chemical binding. Previous studies have also 415 
demonstrated that, along with humic substances in EPS, proteins were strong ligands 416 
for Cu(II) (Sheng et al., 2005; 2013). 417 
418 
3.4. Transformation of organic compounds in EPS using three-dimensional EEM 419 
fluorescence spectra 420 
3.4.1. EEM fluorescence spectra of EPS at different Cu(II) doses  421 
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We used three-dimensional EEM spectroscopy to track transformations in florescence 422 
organic compounds in EPS at different levels of Cu(II) exposure. Three peaks were 423 
easily identified in the EEM fluorescence spectra of the loosely bound EPS (LB-EPS) 424 
and tightly bound EPS (TB-EPS) in the control sample (Fig. S1a and m). Peak A for 425 
LB-EPS and TB-EPS was identified at excitation/emission (Ex/Em) wavelength pairs 426 
of 230/325 – 330 and 230/305 – 310 nm, respectively, while Peak B was identified at 427 
Ex/Em wavelength pairs of 280/330 – 335 and 280/335 – 340 nm, respectively. These 428 
two peaks have been described as protein-like peaks, in which the fluorescence is 429 
associated with the aromatic amino acid tryptophan (Chen et al., 2003). A third peak 430 
(Peak C) (Fig. S1a and m) was located at Ex/Em wavelengths of around 270 – 431 
280/425 – 435 and 255 – 265/425 – 430 nm, respectively. Another peak (Peak D) (Fig. 432 
S1a and m) was located at Ex/Em wavelengths of 340 – 360/435 – 445 and 330 – 433 
350/425 –435 nm, respectively. Similar fluorescence signals have also been observed 434 
for natural dissolved organic matter (DOM) and have been described as visible humic 435 
acid-like fluorescence (Coble, 1996). 436 
As shown in Fig. S1a – l, variations in the EEM spectra of LB-EPS were 437 
strongly influenced both by increasing the Cu(II) additions and the adjustment time. 438 
The peak that was described as visible humic acid-like fluorescence (Peak D) 439 
suddenly vanished at the end of stage II (day 55) (Fig. S1d), which is consistent with 440 
its relatively low content of humic substances (Fig. 5a and b). Further, the EPS 441 
contents generally increased, and the fluorescence intensity decreased, as Cu(II) was 442 
added (Table 2) (Fig. S1a, b, e, g and j), which suggests that Cu(II) might have been 443 
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adsorbed by EPS. Previous studies have reported that Cu(II) may induce 444 
fluorescence-quenching effects on proteins or humic substance in EPS (Sheng et al., 445 
2013) and DOM (Wu et al. 2011). Cu(II) adsorption by EPS can protect microbial 446 
cells against Cu(II) toxicity.  447 
TB-EPS EEM spectra were different from those for LB-EPS, owing to the fact 448 
that TB-EPS are more likely less influenced by copper ion as they are less close to 449 
bulk liquid than LB-EPS. As Cu(II) additions to TB-EPS increased, Peaks C and D 450 
tended to disappear (Fig. S1n – x), indicating that humic substances were too low to 451 
be detected in TB-EPS. As shown in Fig. 5b, the humic substances production had 452 
been stimulated in EPS; however, more humic substances may have been distributed 453 
on the outer layer of the EPS (i.e., LB-EPS layer) when microorganisms suffered 454 
heavy metal stress, which favors to protect microbial cells from toxic heavy metals 455 
(details see section 3.4.2).  456 
 457 
3.4.2. PARAFAC analysis of EEM fluorescence spectra 458 
As expected, further analysis of visual peaking was quite difficult owing to overlaps 459 
in the peaks of EPS. Therefore, PARAFAC analysis was used to separate the EEM 460 
spectra of LB-EPS and TB-EPS samples at five different Cu(II) additions. Split half 461 
analysis and residual analysis identified that there were three components (Fig. S2). 462 
The PARAFAC model identified two protein-like substances (Component 1 and 463 
Component 2) and one humic-like substance (Component 3) (Fig. 6a). The EEM 464 
peaks of the fluorophore in Component 1 at Ex/Em 225 – 230/325 – 335 and Ex/Em 465 
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270 – 280/325 – 335 resembled the aromatic protein and soluble microbial 466 
byproduct-like material (SMP), respectively (Table S2). Component 2 had a peak at 467 
an Ex/Em wavelength of 285 – 290/330 – 340 and might be viewed as the red shift of 468 
Component 1 (peak of Ex/Em at 270 –280/325 – 335). Component 3 incorporated 469 
three peaks of Ex/Em at 240/435 – 445, 275/435 – 445 and 345 – 355/435 – 445, 470 
which were similar to the hydrophobic fraction (Ex/Em 230 – 245/400 – 430) and the 471 
hydrophilic fraction (Ex/Em 300 – 350/400 – 430) of surface water-borne DOM 472 
previously identified by Chen et al. (2003). 473 
PARAFAC analysis also provided additional quantitative information that 474 
described the distribution of the three components in LB-EPS and TB-EPS (Fig. 6b) 475 
as the Cu additions changed. The protein-like substances represented by Components 476 
1 and 2 accounted for a major proportion in both LB-EPS and TB-EPS samples. 477 
Component 1 showed a decreasing trend in LB-EPS, and dropped gradually from 48.3% 478 
(stage I, control) to 24.2% in stage V (day 158) after Cu(II) additions increased, 479 
representing a total decrease of approximately 50%. On the other hand, the relative 480 
proportion of Components 2 and 3 increased as Cu(II) additions increased, from 45.4% 481 
(stage I, control) to 65.3% in stage V (day 158), and from 6.3% (stage I, control) to 482 
10.5% in stage V (day 158), respectively. The decrease in Component 1 and increase 483 
in Component 2 shows that Component 1 (particularly aromatic protein) may be 484 
transformed into Component 2 (SMP-like material) if microorganisms are subjected 485 
to stress from the copper ion over the long term, because SMP-like material has a 486 
stronger heavy metal complexing ability than aromatic protein. Aquino and Stuckey 487 
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(2004) reported that the net accumulation of SMP increased when increased amounts 488 
of toxic chloroform and chromium were added. The increase in Component 3 showed 489 
that, as the adjustment time and Cu (II) additions increased, the percentage of 490 
humic-like substances increased, which is consistent with the variation in humic 491 
substances (Fig. 5a and b). This may be related to the strong capacity of the 492 
humic-like substances to form complexes with metal ions. Previous studies have also 493 
reported that humic substances exhibit strong affinities toward metal ions owing to the 494 
large number of ionizable functional groups, which were mainly carboxylic and 495 
phenolic groups (Hernandez et al., 2006). 496 
There was no obvious relationship between the PARAFAC of TB-EPS and the 497 
increase in Cu(II) additions (Fig. 6b). This is possibly because the copper ion has less 498 
of an influence on TB-EPS, as TB-EPS are less close to bulk liquid than LB-EPS. 499 
 500 
3.5 Correlations between EPS and P removal performance at different Cu (II) 501 
dosages 502 
Although previous studies have reported that sludge EPS play a positive role in 503 
alleviating the toxicity of heavy metals to organisms, the EPS function and its 504 
relationship with P removal performance and microbial community in BPR systems 505 
are not properly elucidated. Our findings provide experimental evidence of heavy 506 
metals (copper ion) impact on DPR removal in terms of EPS variations, P removal 507 
performance and changes in microbial compositions.  508 
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The Cu(II) bound onto the sludge EPS alleviated the toxic effects of the copper 509 
ion when Cu(II) additions were between 1.5 and 3 mg/L, and so the percentage of 510 
PAOs remained at a relatively high level (Table 4). For instance, even when 3 mg/L 511 
of Cu(II) was added in stage V, PAOs still accounted for 66 ± 3% of the total biomass. 512 
The increase in the SMP-like protein material (Component 2) and the response of the 513 
humic-like substance (Component 3) fraction to increasing Cu(II) concentrations 514 
enhanced the detoxification function of sludge EPS, as they could chelate more 515 
copper ions (Hernandez et al., 2006; Aquino and Stuckey, 2004). This allowed the 516 
PAOs population to protect itself against toxic Cu(II) by impeding Cu(II) access to 517 
the bacterial cells. We were able to relate the fluorescent components extracted from 518 
the EEMs by PARAFAC to previously defined DOM fractions to obtain a better 519 
understanding of the role of EPS in protecting PAOs microbial cells against heavy 520 
metals in BPR processes. Meanwhile, EPS accounted for approximately 25 – 46% of 521 
the P removed anoxically by the adsorption method when the Cu(II) additions were 522 
between 0 and 2.5 mg/L (Table 2). The P storage contribution of EPS compensated for 523 
the decreased biological P removal because of Cu(II) stress. These findings have 524 
allowed us to close the gap between our understanding of the function of EPS and the 525 
performance of a P removal bioreactor in the presence of a heavy metal.  526 
 527 
4. Conclusions 528 
(1) DPAOs sludge adapted to Cu(II) additions of up to 2.5 mg/L over the long 529 
term. DPAOs sludge activity was noticeably inhibited when the Cu(II) additions 530 
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increased to 3 mg/L. The PAOs percentage decreased slightly after a Cu(II) addition 531 
of 1.5 mg/L and increased as the Cu(II) additions increased to 3 mg/L. This indicates 532 
that the heavy metal (Cu(II)) tolerance capacity of the DPAOs sludge increased by 533 
adapting over the long term. 534 
(2) The major EPS components were proteins, and the percentage of protein and 535 
humic acid substrates increased as Cu(II) additions increased from 0 to 2.5 mg/L. 536 
PAPRFAC results for LB-EPS confirmed that the aromatic protein (Component 1) 537 
could transform into an SMP-like protein material (Component 2) when 538 
microorganisms were subjected to Cu(II) stress. Also, the increase in the percentage 539 
of humic-like substances (Component 3) enhanced the detoxification function of 540 
sludge EPS. 541 
(3) When Cu(II) additions were between 0 and 2.5 mg/L, EPS adsorption 542 
accounted for approximately 25 – 46% of P removal. The P storage contribution of 543 
EPS increased as the amounts of EPS increased, and the EPS contribution was 544 
important where the PAOs activity was inhibited or when the percentage of functional 545 
PAOs decreased in the presence of Cu(II).  546 
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Table 1. Previous studies reporting the effects of heavy metal on the enhanced P removal sludge  
Previous study Heavy metal Concentrations 
(mg/L) 
Shock/long-term 
(cycles) 
SRT 
(d) 
Microbial 
composition 
Main factors 
studied 
EPS 
Fang et al. (2012) Cr(VI) 5 4 cycles 8 PAOs/GAOs  Cr (VI) 
concentration 
N. R 
Tsai and Chen (2011) Cu(II) 0 – 5 1 cycle 5, 10 and 15 N. R. SRT N. R 
Wu and Rodgers (2010) Cu(II) 0 – 10 1 cycle 10 N. R Cu(II) 
concentration 
N. R 
Tsai et al. (2013) Cu(II) 0 – 5 1 cycle 10 N. R Enzymes 
activities 
N. R 
You et al. (2011) Pb(II) 0 – 40 1 cycle 15 N. R Carbon source N. R 
N. R.: Not reported. 
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Table 2. Operating conditions of the long-term Cu(II) acclimation and performance   
Stage 
Cu(II)  
(mg/L) 
Operating 
period (d) 
Initial MLVSS 
(g/L) 
SVI5 
(mL/g) 
P removala 
(%) 
Total EPSb 
(mg/g VSS) 
SOPEPSb,c 
removal 
(%) 
I 0 1 – 20 2.2 ± 0.1 51.9 ± 2.1 94 ± 2.4 127 ± 4.8 31 ± 1.1 
II 1.5 21 – 60 2.3 ± 0.2 43.1 ± 1.7 98 ± 1.4 137 ± 3.7 47 ± 1.8 
II 2 61 – 100 2.8 ± 0.3 38.7 ±2.6 85 ± 3.1 134 ± 5.1 37 ± 2.3 
IV 2.5 101 – 140 2.1 ± 0.1 30.9 ± 1.4 95 ± 2.7 143 ± 4.3 26 ± 1.9 
V 3 141 – 180 2.5 ± 0.2 25.5 ± 1.9 79 ± 2.3 124 ± 3.9 22 ± 1.4 
a
 data of P removal efficiencies at the steady state. 
b Total EPS and SOPEPS were the average values and standard errors after the stable state achieved added by increasing 
Cu(II) dosages.  
cSOPEPS removal：? 100%×)P-(P/ SOP∆ = (%) EPSby  percentage removal P eff..infEPS?
$1$LQLHQG$(5
(36(36(36 623623 623 -
.
∆ . where SOPEPS AER. end is the phosphate concentration in EPS at the end of 
the aerobic phase, mg P/L; SOPEPS ANA. ini. is the phosphate concentration in EPS in the initial of the anaerobic phase, 
mg P/L; Pinf. and P eff. are the influent and effluent phosphate concentrations, mg P/L.   
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Table 3. Chemical composition of EPS, activities of the biomass and PHA and glycogen transformation rates in the five stages 
Stage I  II  III  IV V  
 0 Ini.b Sta.c Ini. Sta. Ini. Sta. Ini. Sta. 
Polysaccharide (mg/g VSS) 22.9 29.5 27.4 25.5 20.4 14.8 16.4 17.8 15.7 
Protein (mg/g VSS) 88.0 90.9 98.8 114.6 92.2 100.1 92.9 106.5 81.0 
Humic substances (mg/g VSS) 16.5 21.8 15.1 19.8 21.4 23.6 34.9 35.5 27.0 
Total EPS (mg/g VSS) 127.4 142.2 141.4 159.9 134.0 138.5 144.2 159.8 123.7 
Cu contents ( mg/g SS) 
Anaerobic P release ratea 
(mg P/g VSSh) 
0 
35.0 
0.07 
32.9 
5.37 
39.9 
8.45 
58.1 
8.58 
43.9 
9.11 
55.6 
8.74 
44.8 
10.02 
58.9 
10.23 
47.8 
Anaerobic PHA synthesis rate a 
(mmol C/g VSSh) 
3.90 3.44 3.07 3.34 3.43 3.26 2.75 2.58 2.44 
Anaerobic glycogen degradation rate a 
(mmol C/g VSSh) 
0.70 1.50 2.05 0.66 0.57 0.50 0.48 0.37 0.43 
Anoxic P uptake rate a 
(mg P/g VSSh) 
10.8 10.1 11.2 9.5 11.8 9.6 11.6 9.2 10.6 
Anoxic nitrate reduction rate a 
(mg NO3--N/g VSSh) 
6.17 5.48 7.23 4.31 6.58 4.72 6.41 4.18 4.61 
Anoxic PHA degradation rate a 
(mmol C/g VSSh) 
1.96 1.91 3.03 1.63 2.01 1.75 1.99 1.58 1.72 
Anoxic glycogen synthesis rate a 
(mmol C/g VSSh) 
0.64 0.38 1.73 0.47 0.61 0.72 0.66 0.54 0.59 
Note: the rates of the PHA and glycogen synthesis and degradation were obtained from data from typical cycle tests. 
a Rates calculated based on the anaerobic and anoxic reactions during the first 30 min. 
b
 
ini.: the first cycle that the increased Cu(II) added.  
c
 Sta.: the cycles after stable states were achieved.  
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Table 4. Comparison of microbiological community compositions (± standard error), the anaerobic carbon transformations, and  
PO43--P release in typical cycles with increasing Cu(II) additions  
Stage FISH quantification PO43--P / 
VFAf 
Gly/ 
VFAg 
PHA/ 
VFAg 
PHB/ 
VFAg 
PHV/ 
VFAg 
PH2MV/ 
VFAg AcTota (%) AcI b (%) AcII c (%) Ded (%) Coe (%) 
I (0 mg Cu(II)/L) 66 ± 2 20 ± 2 46 ± 1 28 ± 1 <1 0.24 0.17 0.96 0.08 0.40 0.48 
II (1.5 mg Cu(II)/L) 61 ± 2 18 ± 2 43 ± 1 35 ± 1 <1 0.34 0.47 0.71 0.02 0.35 0.34 
III (2 mg Cu(II)/L ) 63 ± 1 19 ± 1 44 ± 1 30 ± 2 <1 0.29 0.13 0.77 0.05 0.36 0.36 
IV (2.5 mg Cu(II)/L) 69 ± 2 21 ± 1 48 ± 2 23 ± 1 <1 0.31 0.12 0.69 0.03 0.32 0.34 
V (3 mg Cu(II)/L)  67 ± 3 18 ± 2 46 ± 2 25 ± 1 <1 0.33 0.11 0.67 0.02 0.32 0.33 
Fang et al. (2012) PAOs GAOs Other bacteria 
Initial +++ + + 
End of 5 mg/L Cr (VI) 
Treatment period (4 
cycles) 
++ ++ ++ 
Recovery (11 cycles) +++ + ++ 
a AcTot: Total Accumulibacter. b Ac I: Type I Accumulibacter. c Ac II: Type II Accumulibacter. dDe: Defluvicoccus. eCo: Competibacter.  
f Units PO43--P mmol/C mmol. g Units C mmol/C mmol.  
+++: High abundance; ++: discrete abundance; +: minimal abundance. 
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Table 5. Pearson correlation coefficients between intracellular Cu(II) concentrations and the 
components of EPS 
 Cu PS PN HS EPS 
Cu 1 -0.605 0.891* 0.876* 0.888* 
PS  1 -0.470 -0.873 -0.421 
PN   1 0.826 0.997** 
HS    1 0.801 
EPS     1 
*: Correlation is significant at the 0.05 level (two-tailed). 
**: Correlation is significant at the 0.01 level (two-tailed). 
HS: humic substances. 
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Fig. 1 Variations in typical parameters (a, b) and the soluble orthophosphate-P 
contents in EPS (SOPEPS) (c) during one cycle in the parent SBR (on day 90) 
LB-P (TB-P): the soluble orthophosphate-P in loosely bound EPS (tightly bound EPS) 
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Fig. 2  
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Fig. 2 Long-term variations in the phosphors (a) and nitrate (b) removal efficiency 
and biomass (c) at various Cu(II) dosages.  
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Cu(II) dosages of 0, 1.5, 2, 2.5 and 3 mg/L in five different operating stages, defined 
as stages I, II, III, IV and V, respectively. 
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Fig. 3  
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Fig. 3 Long-term variations in (a) PHA and glycogen transformations during 
anaerobic phases, and (b) microbial compositions with increasing Cu(II) dosages. 
Note: As the experimental condition for each anoxic phase was not in parallel at 
various Cu(II) dosages, only the anaerobic metabolisms were compared among 
different Cu(II) dosages. Cu(II) dosages of 0 (control), 1.5, 2, 2.5 and 3 mg/L in five 
different operating stages, defined as stages I, II, III, IV and V, respectively. 
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Fig. 4 
 
      
    
 
 
Fig. 4 Scanning electron micrographs of sludge samples at various Cu(II) dosages of 
0 mg/L (a), 1.5 mg/L (b), 2 mg/L (c), 2.5 mg/L (d) and 3 mg/L (e). 
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Fig. 5 
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Fig. 5 Long-term variations in EPS composition (a) and percentage contribution of 
humic substances (b) to total EPS at various Cu(II) dosages. Three groups of data are 
presented for stages II – IV, representing the values of the first cycle, the middle cycle 
and the final cycle at the end of each stage, respectively. Cu(II) dosages of 0, 1.5, 2, 
2.5 and 3 mg/L in five different operating stages, defined as stages I, II, III, IV and V, 
respectively. The sludge samples for EPS analysis were taken on the 1st day, 17th day 
and 35th day in each stage.  
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Fig. 6a 
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Fig. 6 EEM spectra of three fluorescence components obtained from PARAFAC 
analysis (a) and the distribution of three PARAFAC-derived components (b). LB-EPS: 
loosely bound EPS; TB-EPS: tightly bound EPS. The percentage of each component 
was calculated by dividing its fluorescence intensity per unit of total organic carbon 
by that of the corresponding bulk samples 
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Fig. 6b 
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Fig. 6 EEM spectra of three fluorescence components obtained from PARAFAC 
analysis (a) and the distribution of three PARAFAC-derived components (b). LB-EPS: 
loosely bound EPS; TB-EPS: tightly bound EPS. The percentage of each component 
was calculated by dividing its fluorescence intensity per unit of total organic carbon 
by that of the corresponding bulk samples 
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Identification of the function of extracellular polymeric substances (EPS) in 
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Text S1  
1. Long-term morphological variations in the DPR sludge at various Cu(II) 
concentrations 
Higher heavy metal concentrations can form unspecific complex compounds within 
the cells, and can cause cell rupture (Principi et al., 2006). Therefore, scanning 
electron microscopy (SEM) analysis was conducted to prove whether or not the 
surface structure of denitrifying phosphorus removal (DPR) sludge was damaged by 
the long-term exposure of Cu(II). 
As shown in Fig. 4, large amounts of cocci-shaped and bacilli-shaped cells 
were observed in both the control and Cu(II) exposed systems, while filamentous 
microorganisms gradually disappeared after the Cu(II) additions. It also seems that the 
surfaces of cocci-shaped cells were not damaged by exposure to Cu(II) at different 
concentrations. The integrity of the cell surface of the activated sludge in the Cu(II) 
exposed systems may be due to the protective role of the bacterial EPS in the 
activated sludge (McSwain et al., 2005). At the same time, the DPR sludge that had 
been exposed to Cu(II) over the long term had a compact structure when compared 
with that of the control (Fig. 4). These variations in the morphological characteristics 
of sludge also improved the settleability of the DPR sludge, as follows. First, 
filamentous microorganisms are more vulnerable to Cu(II) toxicity than normal 
organisms, so their growth was seriously inhibited (Shuttleworth and Unz, 1998). 
Second, the adsorbed copper ions may increase the density of the activated sludge and 
improve its settling property. Finally, negatively charged groups in EPS may interact 
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with positively charged copper ions and counteract repulsive forces in the sludge flocs, 
making them easier to settle (Li et al., 2011). 
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Table S1. P and Nitrate removal in the typical cycles in the parent SBR batch tests 
Item                                                    Values       
P removal efficiencies at the end of the oxic period (%) 95 
The maximum rates of P release (mg P/g VSS·h)                     92.25 
The maximum rates of P uptake (mg P/g VSS·h)                     12.88 
P uptake to NO3--N consumption (g P/g NO3--N)                      3.66 
The maximum denitrifying rates (mg NO3--N/g VSS·h)                7.47 
Anoxic N2O production (×10-2 mg N/L)                             0.47 
Ratio of anoxic N2O-N production to NO3--N removal (%)              0.03 
Ratio of anaerobic P release to VFA uptake (mmol P/mmol C)           0.38 
Ratio of anaerobic Gly consumption to VFA uptake (mmol C/mmol C)    0.36 
Ratio of anaerobic PHA production to VFA uptake (mmol C/mmol C)     0.99 
Ratio of anaerobic PHB production to VFA uptake (mmol C/mmol C)     0.02 
Ratio of anaerobic PHV production VFA uptake (mmol C/mmol C)       0.48 
Ratio of anaerobic PH2MV production to VFA uptake (mmol C/mmol C)  0.49 
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Table S2. Symbol substances of EEM fluorescence spectra (shown in Fig. 2S) 
Region      Ex (nm)        Em (nm)               Symbol 
I           200 – 250        250 – 330            Aromatic Protein I 
II          200 – 250        330 – 380            Aromatic Protein II 
III         200 – 250        380 – 500              Fulvic acid-like 
IV         250 – 400        250 – 380    Soluble microbial byproduct-like material 
V          250 – 400        380 – 500              Humic acid-like 
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Fig. S1 
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Fig. S1 Three-dimensional EEM fluorescence spectra of EPS at various Cu(II) 
dosages. Figs a-l for the LB-EPS samples and Figs m-x for the TB-EPS samples. 
LB-EPS: loosely bound EPS; TB-EPS: tightly bound EPS.For the two EEM 
fluorescence spectrum at the same Cu(II) dosages, the first EEM fluorescence spectra 
represents the first cycle of the increased Cu(II) dosage; the later represents the stable 
cycle after acclimation with the corresponding dosage of Cu(II) 
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Fig. S2 
 
Fig. S2. EEM analysis by DOMFluor-PARAFAC models: a) Split half analysis; b) 
Residual analysis of components 2 – 4. 
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Fig. S3  
 
 
Fig. S3. Location of EEM peaks and defined excitation and emission wavelength 
boundaries for five EEM regions 
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Highlights (85 characters) 
 
► Long-term impact of increasing Cu(II) doses on denitrifying P removal was 
studied 
► EPS response in DPAOs sludge to Cu(II) was characterized by EEM spectra and 
PARAFAC 
► Proteins and humic substances in EPS increased as Cu(II) (≤ 3 mg/L) increased 
► PAOs tolerance to Cu(II) toxicity increased by acclimation and EPS binding of 
Cu(II) 
► P removal by EPS adsorption is increasingly important in the presence of Cu(II)  
 
